Sex-dependent thermal history influences cold tolerance, longevity and fecundity in false codling moth Thaumatotibia leucatreta (Lepidoptera:  Tortricidae) by Boersma, N. et al.
Agricultural and Forest Entomology (2018), 20, 41–50 DOI: 10.1111/afe.12227
Sex-dependent thermal history influences cold tolerance, longevity
and fecundity in false codling moth Thaumatotibia leucotreta
(Lepidoptera: Tortricidae)
Nevill Boersma∗†, Leigh Boardman† , Martin Gilbert‡ and John S. Terblanche†
∗XSIT (Pty) Ltd, 2 Schalk Patience Street, Citrusdal, 7340, South Africa, †Department of Conservation Ecology and Entomology, Centre for Invasion
Biology, Stellenbosch University, Private Bag X1, Matieland, 7602, South Africa and ‡Citrus Research International, PO Box 28, Nelspruit, 1200,
South Africa
Abstract 1 Environmental temperature plays a critical role in the field performance of mass-reared
insects. For sterile insect technique programmes, the influence of larval (developmen-
tal) temperature variation on subsequent adult field performance is generally poorly
understood but may be a significant avenue for increasing efficacy.
2 In the present study, we investigated the influence of larval thermal acclimation on
several traits of adult performance in the false codling moth Thaumatotibia leucotreta
(Meyrick).
3 After larvae were reared at 15, 20 or 25 ∘C for their full larval developmental period,
we determined the effect of different acute (2 h) temperature treatments (10, 15 or
20 ∘C) during the adult stage on traits of (i) cold tolerance; (ii) fecundity; and (iii)
longevity.
4 Cold tolerance of adults was not influenced by larval acclimation temperature but
was affected by sex and adult treatment temperature. Adult fecundity and longevity
were affected by larval acclimation temperature, adult treatment temperature and the
interaction of these factors with sex.
5 These results suggest a complex, sex-dependent interplay of short- and longer- term
temperature history across developmental stages for these traits. Exploring the field
impacts of this trait variation is essential, coupled with information on how these traits
might respond to artificial manipulation.
Keywords Activity thresholds, environmental effects, pest management, phenology,
thermal history.
Introduction
Lepidoptera are among the greatest pests of agricultural crops
globally, imposing a huge financial and socio-economic burden
on sustainable food production (Simmons et al., 2010). The false
codling moth Thaumatotibia leucotreta (Meyrick) (Lepidoptera:
Tortricidae) is indigenous to sub-Saharan Africa (Stofberg,
1954). This species is a pest of cultivated crops and indigenous
plants, and established in the Western Cape, South Africa
around 1969 in the Paarl region (Hofmeyr et al., 2015). By the
mid-1970s, T. leucotreta had expanded its range northwards
by several hundred kilometres to Citrusdal, an important citrus
exporting region. The pest problem was exacerbated when
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T. leucotreta developed resistance to several insecticides, as well
as stricter regulations that were imposed on the use of pesticides
by exporters (Hofmeyr & Pringle, 1998). The use of potentially
harmful pesticides that are increasingly detected in ground-water
in South Africa raises concerns for long-term human health
and safety (Odendaal et al., 2015). An integrated sustainable
approach to pest management of this species became critical and
resulted in the initiation of a collaborative, multi-institutional
sterile insect technique (SIT) research project during 2002
to control T. leucotreta as part of an area-wide pest control
programme (Hofmeyr et al., 2015). Currently, this programme
is active in the Western, Eastern and Northern Cape regions of
South Africa.
The SIT programe for T. leucotreta in South Africa involves
the release of both sterile males and females on a weekly basis at
a rate of between 1000 and 2000 moths per hectare to suppress
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the wild population. The programme aims to provide at least
10 sterile males for each wild male in the orchard (Hofmeyr
et al., 2015). This ratio is used to maximize the probability that
a wild moth will mate with a sterile moth in the field, thereby
resulting in fewer viable or fertile offspring and an eventual
population decline (Carpenter et al., 2004; Hofmeyr et al., 2015).
The released and wild populations are monitored at weekly
intervals by means of male recaptures with sex pheromone
traps. Sterile males are readily differentiated from their wild
counterparts by means of their pink fat bodies, a colour-change
caused by the addition of Calco Oil Red® (Royce International,
Sarasota, Florida) included in the larval diet during mass-rearing
(Hofmeyr et al., 2015).
Multiple intrinsic (e.g. body condition, hormones, morphol-
ogy) and extrinsic factors (e.g. environmental conditions into
which the animal is released) affect the field performance of ster-
ile insects in a SIT programme (Dowell et al., 2005; Sørensen
et al., 2012). For example, the exact nature of the temperature
treatment (intensity and/or duration, controlled fluctuations to
benign temperatures) used in rapid chilling for handling and ship-
ping sterile insects prior to release might influence the field per-
formance of laboratory-reared insects in subtle but distinct ways
(Terblanche et al., 2008; Chidawanyika & Terblanche, 2011;
Terblanche, 2014). Consistent, optimized production and provi-
sion of high quality sterile moths that can compete successfully
in the field is critical to the success of area-wide pest manage-
ment (Calkins & Parker, 2005). During each step of production,
careful consideration of the temperatures and durations during
handling and releasing sterile insects is crucial to prevent poten-
tial quality degradation. A SIT programme requires the release
of sterile insects capable of satisfactory dispersal throughout the
wild insect habitat, competitive flight and mating performance
and post-release longevity to maintain satisfactory overflooding
ratios between wild and released insects. Diverse aspects of pro-
duction, handling, irradiation and release protocols may have a
detrimental impact on the efficacy of the sterile insects in the field
(Carpenter et al., 2004; López-Martínez et al., 2014; Mudavanhu
et al., 2014). Yet the role of thermal history on field population
dynamics, or as a means to manipulate or improve mass-reared
insects upon release into diverse environmental conditions, is
not typically well understood for a broader suite of traits and
species, or is not often the focus of investigation, despite tem-
perature being a relatively easy parameter to alter (Terblanche,
2014) and temperature as a factor also having practical relevance
to climate change forecasting of agricultural pest insects (Bebber
et al., 2013; Terblanche et al., 2015; Sgrò et al., 2016).
It is increasingly clear, however, that the rearing process, with
particular reference to the thermal conditions experienced dur-
ing development (even if only modified by a few degrees and for
a short period), can have a persistent effect on a diverse array
of traits upon release in the field through acclimation responses
(i.e. physiological and/or behavioural trait changes induced
through rearing under different controlled laboratory condi-
tions) (Sørensen et al., 2012; Terblanche, 2014). For example,
sub-optimal rearing temperatures negatively affected the fecun-
dity and fertility of Drosophila melanogaster (Meigen) (Diptera:
Drosophilidae) but provided increased longevity and heat resis-
tance (Hoffmann et al., 2003). In the field, D. melanogaster accli-
mated or reared at 15 and 25 ∘C showed significant differences in
recapture rates at a food bait station, suggesting that there are pro-
nounced fitness costs and benefits to thermal history depending
on the environment into which the flies were released (Kristensen
et al., 2008). In colder areas, only cold acclimated flies were able
to find resources, although, when conditions were warmer, flies
not reared at cold conditions were up to 36 times more likely
to find food than the former (Kristensen et al., 2008). Similar
effects have been documented in codling moth Cydia pomonella,
suggesting that these effects are perhaps pervasive across diverse
insect taxa (Chidawanyika & Terblanche, 2011). Recapture rates
of moths acclimated at cooler temperatures were significantly
higher under cooler conditions compared with heat-acclimated
moths. Conversely, heat-acclimated moths were caught in higher
numbers than cold-acclimated moths when released into a hot
environment (Chidawanyika & Terblanche, 2011).
Such effects, or thermal legacies, may have a marked impact
on the efficacy of a SIT programme that relies on a suitable
interaction between field and mass-reared individuals in terms
of mate-finding, dispersal, activity thresholds and reproductive
behaviours. However, no such information is presently available
for T. leucotreta despite its obvious importance for the on-going
pest management of the species. Mass-reared sterile T. leucotreta
adult moths currently have an undesirably high minimum activity
threshold temperature of approximately 10–15 ∘C, indicating
poor cold tolerance relative to the conditions under which they
are expected to perform (Stotter & Terblanche, 2009). This
means that moth flight activity could be reduced during the
latter part of the citrus-growing season and negatively affecting
the value of the SIT programme. The present study therefore
aimed to investigate the effect of larval acclimation and short
adult temperature treatments on the low temperature activity
thresholds, fecundity and longevity of moths. The results are




A commercial population of T. leucotreta from the XSIT
(Pty) Ltd mass-rearing facility (Citrusdal, Western Cape, South
Africa) was used in the present study. The population originated
10 years ago from wild moths collected in orchards in Citrus-
dal and was sporadically augmented with wild insects to avoid
potential inbreeding depression or genetic divergence from natu-
ral populations. The population was maintained under a 12 : 12 h
light/dark photocycle at 25 ∘C on a maize-based diet. Relative
humidity (RH) was not strictly controlled but an attempt was
made to maintain this between 40% and 60%. The production
of T. leucotreta is separated into the stages: egg production,
inoculation, larval rearing, pupae harvesting, moth emergence
and collection, and moth irradiation (Boersma & Carpenter,
2016). These mass-rearing methods are explained again in brief:
non-irradiated moths lay eggs on wax paper sheets, which are
then cut into pieces with ±1200 eggs per sheet. Egg sheets
are dipped briefly into a formaldehyde solution to prevent con-
tamination of any bacteria and virus and then placed on artifi-
cial diet medium inside each rearing jar. Jars inoculated with
date-labelled T. leucotreta eggs are then moved to the incubation
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rooms. After 12 days, the jars are moved to the pupation rooms
and opened where fifth-instar larvae typically crawl out of the
jars. Corrugated cardboard boards are placed beneath each layer
of jars, and larvae then enter the spaces in the cardboard to
pupate. These cardboard sheets are collected and placed inside
environmental chambers that are partitioned into light and dark-
ened areas by a panel containing small openings. Pupation boards
are placed in the dark area and, as adults emerge, they move
through the openings, entering the light area, where they are
then transferred by an air-stream into a collection room. Moths
are then cooled down to keep them inactive before being placed
inside cardboard boxes containing 14 000 (±200) moths per box,
after which they are typically irradiated and released in the SIT
programme.
Acclimation (larval developmental temperatures)
Freshly inoculated jars, each containing 280 g of artificial diet
with ±1200 eggs, were obtained from the commercial colony
and incubated at 15, 20 or 25 ∘C in Peltier temperature cabi-
nets (PTC-1; Sable Systems International, Las Vegas, Nevada).
These temperatures were chosen as being representative of the
autumn/winter growing season when T. leucotreta is considered
to be a risk (Stotter & Terblanche, 2009) and cover a range of
thermal conditions that larvae and moths would typically experi-
ence in the region (Stotter & Terblanche, 2009; Boardman et al.,
2012), although commercial rearing is considered to be opti-
mized at approximately 25 ∘C for the species. The cabinets were
connected to a Peltier 3 controller (Sable Systems International)
to monitor internal ambient temperatures. Upon pupation, the
pupae of each acclimation group were sorted according to sex,
placed separately in Petri dishes (diameter 70 mm) and incubated
in temperature controlled cabinets at 25 ∘C until moth eclosion.
Moth temperature treatments
Upon eclosion, 50 males and 50 females (aged 12–24 h) from
each acclimation temperature group were placed in separate
Petri dishes (diameter 70 mm) and treated at 10, 15 or 20 ∘C for
2 h on a Perspex thermal stage (30× 20× 15 cm) in a Perspex
container connected to a water bath (Grant GD200-R2; Grant
Instruments, U.K.) with an accuracy of ±0.1 ∘C. Temperatures
inside the Petri dishes were confirmed using a thermocouple
(K-type, 36 standard wire gauge; Omega Engineering, Inc.,
Stamford, Connecticut) attached to a digital thermometer (Fluke
II; Fluke Corporation, Everett, Washington).
Critical thermal minimum (CTmin)
The CTmin was scored as the critical lower limit to activity dur-
ing controlled cooling. Ten males and 10 females for each of
the different acclimation and temperature treatment combina-
tions were individually placed inside the tubes of an organ pipe
device, connected to a programmable circulating bath (Grant
GD200-R2; Grant Instruments) with an accuracy of ±0.1 ∘C to
test 10 individuals at a time (Terblanche et al., 2011; Board-
man et al., 2012). The water bath was filled with a solution of
propylene glycol and water (1 : 1 ratio) to allow sub-zero tem-
perature operation. The CTmin was visually determined for at
least each group (acclimation and temperature treatment com-
binations) of 10 moths placed inside a 60-mL non-airtight plas-
tic vial, located within the water tight plastic containers, and
subjected to decreasing temperatures, commencing at 25 ∘C and
reduced at a fixed rate of 0.1 ∘C/min. Although a reduction rate
of 0.06 ∘C/min is considered to be the most ecologically rel-
evant (Terblanche et al., 2007), 0.1 ∘C/min was used to repre-
sent facility conditions where more rapid cooling is typically
used to immobilize moths. Regular inspection of water baths
and control vials using a data logging thermometer (accuracy
of ±0.1 ∘C) confirmed that the desired temperature during treat-
ments was achieved and maintained. Initially, moth condition
and behaviour were assessed at each increment in temperature
of 0.5 ∘C. As soon as the temperature reached 10 ∘C, the moths
were assessed at least once per decrease of 0.1 ∘C thereafter.
Temperatures were recorded for each individual as soon as the
moth reached CTmin, which was scored as a loss of co-ordinated
response to a gentle mechanical stimulus (prodding with a fine
paintbrush).
Fecundity
Moths from each acclimation and treatment combination were
paired: treated male× treated female, treated male× untreated
female and untreated male× treated female. Untreated moths
were obtained from the XSIT colony (reared at 25 ∘C) but were
not subjected to any temperature treatment. Each of five pairs
of moths for each acclimation and treatment combination was
placed in a Petri dish (diameter 45 mm, height 15 mm) and
supplied with water-saturated cotton wool. For 5 days, each of
these pairs was transferred to a new dish every 24 h. Dishes
were maintained under a 12 : 12 h photocycle at 25± 1 ∘C and
75% relative humidity (as confirmed using a relative humidity
and temperature data logger; 101A; MadgeTech, Warner, New
Hampshire). Fecundity was assessed by recording the number of
eggs deposited in the Petri dishes.
Longevity
Ten males and 10 females from each of the different acclima-
tion and temperature treatment combinations were individually
placed in small Petri dishes (diameter 60 mm, height 15 mm).
The moths were incubated at 25 ∘C and 75% relative humidity
(as confirmed using a relative humidity and temperature data log-
ger; 101A; MadgeTech) in the laboratory with water supplied in
cotton wool. Mortality was recorded daily until all of the moths
were dead.
Statistical analysis
Statistical analyses for CTmin, fecundity and longevity were
performed in r, version 3.1.3 (R Foundation for Statistical
Computing, Austria) using the packages ‘stats’, ‘nnet’, ‘MASS’
and ‘car’) and were illustrated using statistica, version 12
(Statsoft Inc., Tulsa, Oklahoma). The data distribution, degrees
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Table 1 Summary results of two separate generalized linear models (Gaussian distribution with identity link) for the effects of sex, Acc, TT and the
interaction there of on critical thermal minimum (CTmin) for mass-reared Thaumatotibia leucotreta
Model Parameter Estimate (mean±SEM) t P
Full model Intercept 7.688±1.240 6.198 <0.001
Sex –3.292±1.754 –1.877 0.062
Acclimation –0.100±0.061 –1.646 0.102
Treatment –0.089±0.080 –1.115 0.266
Sex× acclimation 0.160±0.086 1.864 0.064
Sex× treatment 0.222±0.113 1.967 0.051
Acclimation× treatment 0.005±0.004 1.330 0.185
Sex× acclimation× treatment –0.010±0.006 –1.791 0.075
Minimum adequate model Intercept 5.508±0.182 30.228 <0.001
Treatment 0.027±0.011 2.381 0.01
Sex 0.271±0.093 2.929 <0.001
Both the full (saturated) and minimum adequate models are presented here. Statistically significant effects are indicated in bold.
Figure 1 Effects of developmental thermal acclimation (Acc) and acute adult temperature treatment on the critical thermal minimum (CTmin) for females
and males of Thaumatotibia leucotreta. Means with the same lowercase letter are not significantly different; error bars represent the 95% confidence
intervals. [Colour figure can be viewed at wileyonlinelibrary.com].
of freedom and residual deviance, both for the generalized linear
model (CTmin and fecundity data) and for linear mixed effects (in
the case of longevity data), were inspected and verified so that
model assumptions were not violated. For CTmin, we considered
a fully-saturated generalized linear model (GLZ, with a Gaussian
distribution) with acclimation, treatment temperature and sex,
as well as all possible interaction effects on CTmin. Thereafter,
we fitted the minimum adequate model in accordance with the
method of Crawley (2007) and we report both sets of results.
To assess the effects of acclimation temperature, treatment
temperature, sex and their interactions on fecundity, a GLZ, using
a Gaussian distribution with an identity link function, was used
after log0transforming the data. Post-hoc pairwise comparisons
for both the CTmin (each sex separately) and fecundity were
conducted using Tukey’s contrast test. Using a linear mixed
effects model, the effect of time, sex, acclimation and treatment
temperature was used to determine the effect on longevity.
Post-hoc tests for these analyses involved the inspection of 95%
confidence intervals based on three fixed levels of the fit of
a nonlinear model of population mortality, the LT90, LT50 and




CTmin was significantly affected by the sex of the moth (t= 2.929,
P< 0.001) and temperature treatment (t= 2.381, P< 0.01)
(Table 1), whereas other factors such as the interaction between
sex and acclimation (t= 1.864, P 0.064), sex and temperature
treatment (t= 1.967, P= 0.051) or acclimation and temperature
treatment (t= 1.330, P= 0.185) (Table 1) were not significant.
Females showed no significant differences in CTmin between the
acclimation temperatures of 15 and 25 ∘C when treated at 15 or
20 ∘C (Fig. 1). However, a significant difference was observed
with treatment at 10 ∘C (6.4 and 5.8 ∘C, respectively). The 20 ∘C
acclimation group differed significantly from both the 15 and
25 ∘C acclimation groups, except with treatment at 10 ∘C where
acclimation groups 20 and 25 ∘C showed similar results (5.7
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Figure 2 Effects of different mating pairings, thermal acclimation and temperature treatment on the fecundity of Thaumatotibia leucotreta (total egg
production was scored as cumulative eggs laid per pair over 5 days). Normal (N) individuals were acclimated at 25 ∘C and received no temperature
treatment. Treated (T) individuals were acclimated and exposed to a temperature treatment (M, male; F, female). Means with the same lowercase letter
are not significantly different (compared across all groups).
and 5.8 ∘C, respectively). When comparing acclimation groups,
females from larvae acclimated at 20 ∘C had the lowest CTmin,
regardless of treatment temperature. Of the females acclimated
at 20 ∘C, those with treatment at 15 ∘C possessed the lowest
CTmin (4.8
∘C). No significant differences were seen between
acclimation and treatment temperature in adult males (Fig. 1).
The CTmin for adult males was 5.9, 6.4 and 6.3
∘C when treated
at 10, 15 and 20 ∘C, respectively.
Fecundity
The effects of acclimation and temperature treatment on
fecundity were investigated using three different moth pair-
ings: nontreated male× treated female (NM×TF), treated
male× nontreated female (TM×NF) and treated male× treated
female (TM×TF) (Fig. 2). Acclimation temperature, treatment
temperature or the interaction of these two factors did not
significantly affect the fecundity of the groups when treated
males were included (Table 2). When only males were treated
(TM×NF pairings), the acclimation temperature, treatment
temperature and the interaction of these two factors did not
significantly affect the fecundity of the adult moths (t= 1.208,
P> 0.05; t= 1.231, P> 0.05; t= –1.608, P> 0.05) (Table 2).
Similarly, when both males and females had been treated
(TM×TF pairings), these factors had no significant effects on
the fecundity of the adult moths. (t= 1.482, P> 0.05; t= 1.245,
P> 0.05; t= –1.170; P> 0.05) (Table 2). However, when only
females had been treated (NM×TF pairings), acclimation tem-
perature, treatment temperature and the interaction of these two
factors significantly affected the fecundity of the adult moths
(t= 2.087, P< 0.05; t= 2.681, P< 0.05; t= –2.389; P< 0.05)
(Table 2). The results therefore indicate that, when the TM×NF
and TM×TF pairings are compared with the NM×TF pairings,
the contribution of the treated male to the fecundity of the
adult moths is much less than that of the female, indicating that
females respond more strongly to prior thermal acclimation than
males (Table 2).
Comparable effects were observed when treated females were
included in the experimental reproductive pairings. The fecun-
dity of groups acclimated at 15 and 20 ∘C increased as the
temperature treatment increased. However, when acclimated at
25 ∘C, the fecundity decreased as the treatment temperature
increased (Fig. 2). When only males were treated, groups accli-
mated at 20 ∘C showed an increase in fecundity as the treat-
ment temperature increased (Fig. 2). When comparing results of
pairings with treated males, treatment temperature shows simi-
lar patterns across acclimation groups. After treatment at 10 ∘C,
pairings including males acclimated at 25 ∘C prior to treatment
resulted in the highest fecundity. Fecundity was lowered when
males had been acclimated at 15 ∘C and was lowest when accli-
mated at 20 ∘C (Fig. 2). The opposite was seen in males treated
at 20∘C. In both TM×NF and TM×TF pairings, fecundity was
highest when males were acclimated at 20 ∘C and was lowest
when acclimated at 25 ∘C. In all pairings treated at 10 ∘C, fecun-
dity was the highest when adults had been acclimated at 25 ∘C
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Table 2 Summarized results of generalized linear models (Gaussian distribution, with identity link) on the fecundity of adult Thaumatotibia leucotreta for
each pairing combination where Normal (N) individuals were acclimated at 25 ∘C and received no temperature treatment
Pairing combination Parameter Estimate (mean±SEM) t P
TM×NF Intercept 5.133±0.174 1.177 0.246
Acclimation 0.037±0.009 1.208 0.234
Treatment 0.045±0.011 1.231 0.226
Acclimation× treatment –0.003±0.001 –1.608 0.115
NM×TF Intercept 2.615±0.183 1.553 0.128
Acclimation 0.133±0.009 2.087 <0.05
Treatment 0.213±0.011 2.681 <0.01
Acclimation×Treatment –0.01± 0.001 –2.389 <0.05
TM× TF Intercept 1.877±0.201 0.603 0.55
Acclimation 0.163±0.01 1.482 0.146
Treatment 0.202±0.012 1.245 0.22
Acclimation× treatment –0.009±0.001 –1.170 0.249
Treated (T) individuals were acclimated and exposed to a temperature treatment (M, male; F, female). Statistically significant effects are indicated in bold.
Table 3 Summarized results of linear mixed effects models (binomial
distribution) assessing survival time (in days) of adult Thaumatotibia leu-
cotreta from the experimental treatments with sex, thermal acclimation




Intercept 5.083±0.917 5.54 <0.001
Sex 5.658±1.46 3.875 <0.001
Acclimation 0.091±0.045 2.017 <0.01
Treatment –0.086±0.01 –8.588 <0.001
Sex×acclimation –0.245±0.07 –3.489 <0.001
Sex× survival time –0.158±0.069 –2.290 <0.01
Survival time× acclimation 0.0007±0.002 0.373 0.709
Survival time× sex× acclimation 0.005±0.003 1.743 0.081
prior to treatment. However, when moths were treated at 20 ∘C,
those acclimated at 25 ∘C demonstrated the lowest fecundity. The
least variation between acclimation groups was seen when moths
had been treated at 15 ∘C.
Longevity
Longevity (scored as survival probability over time) was tested
against the interactions of sex, acclimation and treatment tem-
perature. The influence of sex, acclimation and treatment tem-
peratures had highly significant effects on the longevity of adults
(Table 3). However, sex was important to survival over time as a
distinct factor.
Acclimation had a positive effect on the probability of adult
T. leucotreta living longer (Z = 2.017, P< 0.01). However, the
effect of treatment was considerably more pronounced. Treat-
ment temperature reduces the probability that adult T. leucotreta
will live longer (Z = –8.588, P< 0.001) (Table 3). Although
temperature treatment influences the longevity of T. leucotreta,
it does not allow for distinct patterns to be observed in either
sex. For example, in the case of males acclimated at 20 ∘C, those
treated at 20 and 10 ∘C, respectively, shared LT90, LT50 and LT10
values, although the LT90 and LT50 values of those that had been
treated at 15 ∘C were much higher (Table 4). Although a similar
phenomenon was observed in females acclimated at 15 ∘C, there
did not appear to be a trend when considering other combinations
(Table 4). Similarly, even though males and females exhibited
similar patterns across acclimation groups when treated at 15 ∘C,
this was not true for the 10 and 20 ∘C treatments (Fig. 3).
The combination of acclimation and sex had a significant
impact on the longevity of adults, specifically females. This
is clearly illustrated in Fig. 3 where the longevity of females
was significantly affected by acclimation across all the different
treatments. Females lived longest when acclimated at 25 ∘C,
whereas lifespan was shortened when adult females had been
acclimated at 15 ∘C, therefore suggesting a positive correlation
between the acclimation conditions and longevity. Females
acclimated at 25 ∘C had an average LT50 of 22.3 days, whereas
females acclimated at 15 ∘C had an average LT50 of 18.7 days
(Table 4). Unlike adult females, there was no correlation between
acclimation temperature and longevity in males. In males, all
acclimation groups had an average LT90 of 27 days (Table 4).
However, when considering LT10 values, more variation between
acclimation groups exists. Overall, when comparing temperature
treatment, the variation between acclimation temperatures was
least when adult males were treated at 20 ∘C.
Discussion
The present study explored the potential value of experimentally
manipulating temperature for integration into the current SIT
programme for T. leucotreta and also tested the impacts of such
thermal variation on a suite of potentially useful traits: cold
activity limits, fecundity and longevity. The immediate thermal
conditions experienced have a profound impact on performance
for the fecundity and longevity traits and are thus to be expected
(Chown & Gaston, 2010; Sinclair et al., 2012; Sørensen et al.,
2012). Responses of life-history traits (e.g. growth rates, body
size, fecundity and longevity) to rearing temperatures are also
widely reported in both Lepidoptera and other insect species
(Kamata & Igarashi, 1995; Chown & Gaston, 2010; Mironidis,
2014). Mixed responses can occur in life-history traits, with some
species showing a positive compensatory response to cooler
larval rearing upon reaching sexual maturity and other species
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Table 4 Survival time (days), represented by the time at which either 90%, 50% or 10% of the population survives (LT90, LT50 and LT10 values,
respectively), of adult Thaumatotibia leucotreta from the experimental treatments with sex, thermal acclimation and temperature treatments
Individual LT90 LT50 LT10
Sex Acclimation (∘C) Treatment (∘C) Model (days) LCL UCL Model (days) LCL UCL Model (days) LCL UCL
Male 25 20 25 23 27 18 17 19 12 10 13
15 27 25 29 18 17 19 9 7 11
10 29 28 31 24 23 25 18 17 20
20 20 24 23 26 18 17 19 12 10 13
15 32 30 34 22 21 23 12 10 14
10 24 23 26 18 17 19 12 10 13
15 20 27 25 29 20 18 21 12 10 14
15 26 24 27 20 19 21 15 13 16
10 28 27 30 23 22 23 17 15 18
Female 25 20 29 28 31 23 22 24 18 16 19
15 32 30 35 20 19 22 8 6 10
10 30 29 32 24 23 25 19 17 20
20 20 22 20 24 15 14 16 8 6 10
15 32 31 35 24 22 25 15 13 17
10 29 28 31 23 22 24 16 14 18
15 20 25 23 27 16 15 18 8 6 10
15 27 26 29 23 22 24 19 17 20
10 25 23 27 17 16 18 9 7 10
Lower- and upper 95% confidence limits (LCL and UCL, respectively) of model predicted fits are also shown to allow for post-hoc comparisons.
showing a negative response to developmental cold acclimation
(Steigenga & Fischer, 2009). However, the generality of the
form of these plasticity responses is the subject of considerable
discussion for climate change forecasting (Hoffmann et al.,
2013; Kleynhans et al., 2014a; Sgrò et al., 2016). Longevity
responses are less commonly the subject of investigation in
thermal acclimation studies. For these reasons, obtaining new
data from previously unreported species for such responses is
essential and the results of the present study therefore contribute
to this growing body of empirical data.
By contrast to the fecundity and longevity responses reported
in the present study, the impact of thermal rearing history on
CTmin in T. leucotreta appears to be more restricted. Typically,
CTmin is regarded as a highly plastic trait in insects, respond-
ing rapidly (and reversibly) to new conditions (Weldon et al.,
2011; Hoffmann et al., 2013; Terblanche et al., 2015), correlating
strongly with geographical distributions and climate variability
(Anderson et al., 2015), and showing local climatic adaptation
in several cases (Sinclair et al., 2012; Kleynhans et al., 2014b).
However, some thermally-insensitive insect species have been
reported with respect to traits of low temperature performance,
such as the supercooling point, CTmin or chilling survival (Slab-
ber et al., 2007; Andrew et al., 2013), and so the outcomes that we
obtained for a lack of acclimation effect on CTmin are not neces-
sarily unique to T. leucotreta. One possible interpretation is that
CTmin in T. leucotreta conforms with these latter studies (i.e. a
genuine lack of plasticity in CTmin) and therefore the moths in
the present study lack a pronounced acclimation response. Such
an interpretation would thus be in agreement with previous work
examining adult T. leucotreta rapid cold hardening (survival)
responses (Stotter & Terblanche, 2009). An alternative interpre-
tation is that CTmin is not a particularly useful functional marker
of low temperature performance in T. leucotreta and the determi-
nation of acclimation responses (Sinclair et al., 2012; Anderson
et al., 2015). Future studies comparing different metrics of cold
tolerance (e.g. knockdown time, CTmin, cold survival rates and
chill coma recovery time) across a range of acclimation condi-
tions would be useful because work on Drosophila suggests that
the underlying genes, mechanisms and responses of these diverse
cold tolerance traits, as well as their time-scales of responses
to thermal acclimation, may be independent (Rako et al., 2007;
Ransberry et al., 2011; Colinet & Hoffmann, 2012; MacMillan
et al., 2016).
One interesting outcome from the present study was that much
of the larval acclimation responses were sex-dependent. In the
case of CTmin, fecundity and longevity, female moths responded
more strongly to thermal history than males across the same
range of temperatures tested. Sex-dependent thermal acclimation
effects are common across a range of insect species and traits
(Fischer & Fiedler, 2000; Rako & Hoffmann, 2006; Roux
et al., 2010; Esterhuizen et al., 2014; Johnstone et al., 2017).
Detailed experimental work dissecting which sex is responsible
for regulating trait acclimation responses (e.g. fecundity scored
in the present study) is less common and the work that we report
may be considered novel in this respect. The sex-dependent
results obtained in the present study suggest that there will
be impacts on moth fitness subsequent to larval acclimation
during laboratory-rearing or in the field if equal sex ratios
experience the same set of variable conditions (e.g. a cold
snap) or when the adults are treated at different temperatures,
which in turn might have significance for population dynamics
modelling of the species in the wild. Regardless, the sex of
the adult moth clearly plays a key role in the longevity of the
adults, indicating that the sex of T. leucotreta matters to survival
over time, in addition to more commonly-reported acclimation
and treatment temperature effects. Females live longer than
males when acclimated and treated under certain conditions,
whereas a less prominent effect was seen with respect to these
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Figure 3 Influence of sex, thermal acclimation (Acc) and temperature treatments on the survival time (longevity) of adult Thaumatotibia leucotreta
with each point representing a replicate of raw data. The generalized linear model (GLZ) is displayed along with the predicted upper and lower 95%
confidence limits (UCL and LCL), whereas the different colours represent the different thermal acclimation groups. [Colour figure can be viewed at
wileyonlinelibrary.com].
factors impacting the males. This result might be of value to
SIT because, theoretically, a laboratory-reared cohort could be
acclimated prior to release, thereby ensuring that sterile females
will be available for longer periods for mating with wild males,
provided that these females remain mating competitive and
that their longevity is not less than that of their wild female
counterparts and also that the wild males themselves do not
preferentially re-mate with other available wild females. It would
also be useful to determine whether both sexes utilize (and
are exposed equally to) similar temperature variation in the
field because microclimatic buffering (or amplifying effects) can
significantly alter thermal impacts in the field (Caillon et al.,
2014; Terblanche et al., 2015; Woods et al., 2015).
The prominent effects of sex observed in the present study with
respect to thermal acclimation on females were clearly seen in
all of the traits of cold tolerance, fecundity and longevity. This
suggests that T . leucotreta females have a likely fitness advan-
tage because they either withstand environmental stress better
or change to a greater extent, or possibly do both (depending
upon which trait is being considered), upon exposure to novel
conditions compared with the males. We propose that the pro-
nounced sex effects indicated by the results of the present study
may be explained by the female heterogametic sex chromo-
some system of Lepidoptera (i.e. WZ females and ZZ males)
(Sahara et al., 2012). The W-chromosome is maternally inherited
and contains repetitive elements that are not subject to recom-
bination during meiosis. In some animals, repetitive elements
can respond to environmental cues and may contribute to plas-
ticity (Schmidt & Anderson, 2006; Sliwinska et al., 2016). In
Drosophila melanogaster, with a XX/XY system (heterogametic
male), the Y-chromosome is associated with adaptive pheno-
typic variation (Lemos et al., 2008). Thus, in a WZ/ZZ system,
it is possible that the Lepidopteran W-chromosome may con-
tribute to phenotypic plasticity in a similar way to the Drosophila
Y-chromosome, potentially through epigenetic effects on auto-
somal genes. Any determination of single nucleotide polymor-
phisms or the genes involved and chromosomal mapping is
presently limited by the lack of an annotated genome for T. leu-
cotreta.
In conclusion, the present study demonstrates that the thermal
acclimation responses in T. leucotreta influence female perfor-
mance to a much greater extent than males, although a consid-
eration of the sex of the moths experiencing that temperature
variability is an important factor in population dynamics or SIT
modelling and potential programme efficacy. This suggests that
females of T. leucotreta might have greater significance in an
SIT programme than previously considered because females live
longer and are more flexible in their physiological trait perfor-
mance than males. Further investigations are needed to determine
whether the change in longevity that we detected might persist
in the field setting because this may allow a reduction in the
frequency of releases in that sterile females might still give ade-
quate control through thermal manipulation prior to release. In
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a broader context for SIT or pest management, careful consid-
eration must be given to the outcome of prior and immediate
environmental conditions on specific traits for maximizing field
performance of mass-bred false codling moth.
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